affected group is middle-aged adults. 28 Typically, the disease course is slow, with metastasis occurring late and death most often the result of local disease extension. 29 Management is often difficult, as chordomas are largely refractory to chemotherapy and conventional radiation therapy, making en bloc resection the ideal treatment modality. 4, [15] [16] [17] 23, 30, 34, 35 The most common anatomical sites for chordoma are the sacrum and clivus, followed by the cervical spine. 5, 6, 14, 24, 26 En bloc resection of tumors affecting the sacrum and clivus has been described, 4, 15, 17, 22, 35 with each location possessing inherent difficulties to achieving en bloc excision. Similarly, due to the cervical spine's complex anatomy, en bloc excision of cervical chordoma presents unique challenges, such as the necessity to preserve cervical nerve roots, protection of the vertebral arteries, and the complex osseous anatomy. 29 Despite the recognition that en bloc resection was ideal, cervical chordomas, particularly if located in the C1-2 segments, have largely been managed via intralesional resection, as with clival lesions. 2, 12, 31, 32 Advancement in surgical techniques and reconstruction has permitted more of these neoplasms to be removed en bloc. 1, 13, 18, 21, 27, 29, 32 With the exception of a series of 5 cases published by Hsieh et al., 20 who demonstrated that wide or marginal en bloc chordoma excision was optimal for prolonging disease-free survival, the majority of literature addressing en bloc removal of cervical chordomas has been limited to reports of 3 cases or fewer. 1, 13, 18, 21, 27, 29, 32 In this article, we report clinical and neurological outcomes of a multi-institutional case series of 16 patients who underwent en bloc cervical chordoma excision. To our knowledge, this is the largest such case series published to date.
Methods

Patient Sample
Spine tumor databases at the authors' institutions were retrospectively reviewed. Inclusion criteria for the present study were as follows: 1) diagnosis of cervical chordoma arising from the cervical spine, 2) no prior history of tumor treatment with the exception of needle biopsy, and 3) definitive en bloc tumor excision. Exclusion criteria were as follows: 1) prior treatment, including surgical and nonsurgical management; 2) tumors not originating from the cervical spine; and 3) any prior history of other malignancies. De-identified medical record data were provided from the University of Southern California (USC), MD Anderson Cancer Center, and the University of California, San Francisco (UCSF). All patient identifiers, including date of birth and medical record number, were removed from the data set to protect patient identity. All patient data from the Johns Hopkins Hospital were collected following approval of the institutional review board.
Between 2000 and 2008, 16 patients underwent en bloc excision for primary surgical management of cervical chordomas at the authors' institutions and qualified for inclusion in this study: 1 patient was treated at USC, 3 patients were treated at the Johns Hopkins Hospital, 7 were treated at MD Anderson, and 5 were treated at UCSF. We report on surgical technique, margins achieved, peri-and postoperative complications, local and distant tumor recurrence, use of adjuvant therapy, and survival. Surgical technique was classified as being anterior, posterior, or combined anterior and posterior.
Surgical Approach
Authors from each institution submitted detailed descriptions of surgical approaches to confirm uniform technique across institutions. Prior to surgery, all patients underwent MRI with and without a contrast agent to visualize the cervical spine. Computed tomography angiography was used if the tumor was thought to involve the transverse foramen and vertebral arteries for identification of contralateral vessel patency for surgical planning. If tumor encasement or involvement of the vertebral artery necessitated sacrifice, digital-subtraction 4-vessel cerebral angiograms were employed to better visualize the patient's vascular anatomy. Trial balloon occlusion was performed by interventional radiology to assess the feasibility of vertebral artery resection.
Among the 7 patients with C1-2 tumors, 4 patients (57%) underwent a staged posterior-anterior surgical procedure. Generally, this approach involved posterior midline dissection with release osteotomies, tumor dissection, ligation of cervical nerve roots and the vertebral artery if indicated, and placement of instrumentation. The anterior approach to C1-2 and the skull base was achieved using a midline incision at the anterior neck, followed by opening the fascia at the anterior sternocleidomastoid muscle from the skull base to the patient's clavicle. The sternocleidomastoid muscles were then mobilized posteriorly. The carotid artery and internal jugular vein were then identified and retracted posteriorly to visualize the prevertebral space. Blunt dissection was then used to remove soft tissue from the mass. For 2 patients with C1-2 involvement (29%), the posterior-only approach was sufficient for en bloc resection. This was achieved with vertebral artery resection in 1 case. One patient (14%) required only an anterior approach; the approach involved a transoral exposure to the clivus and C-1 using a mucosal flap extending over the lateral nasopharynx, deep to the prevertebral fascia. The prevertebral fascia was elevated, allowing tumor dissection under microscopic guidance.
All patients with subaxial (C3-7) tumor involvement underwent a staged surgical approach involving posterior release osteotomies followed by tumor dissection and instrumentation placement, with anterior neck dissection and en bloc tumor excision performed at a later date. Specifically, the posterior approach to the subaxial spine began with a midline incision followed by dissection of the paraspinous musculature and subperiosteal dissection. Bilateral laminectomy with or without facetectomy followed, with tumor dissection and ligation of cervical nerve roots and the vertebral artery if indicated. Instrumentation was placed for all patients during the posterior approach. Anterior approaches included an incision along the border of the sternocleidomastoid muscle for access to subaxial spine lesions with skeletonization of the vertebral artery on the affected side and identification of the tumor mass. En bloc excision of the tumor followed, with placement of a cage packed with allograft bone if the vertebral body was resected.
Margin quality was determined by histopathological analysis and reported as wide, marginal, or violated based upon the classification scheme reported by Boriani et al. 8 Perioperative complications were defined as complications occurring during the time period from hospitalization for surgery until discharge. All complications occurring after this period were classified as postoperative complications. Local tumor recurrence was reported when tumor recurred in any of the originally affected spinal segments. All other incidences of recurrence were classified as distant.
Statistical Analysis
Patient survival was reported in 3 formats: followup time (only for patients alive at last follow-up), mean survival time (for patients who were deceased at last follow-up), and survival rate-defined as the percentage of patients alive at last follow-up time. Collected outcomes were stratified according to tumor location. More specifically, stratified data were analyzed according to whether the tumor originated from C1-2 or the subaxial (SA) spine. Statistical outcome analysis was accomplished via the Student t-test, the Mantel-Cox test, and Kaplan-Meier curves (GraphPad Prism v5.0, GraphPad Software). Confidence intervals (95% CIs) were calculated using the online McCallum-Layton Confidence Interval Calculator for Proportions (https://www.mccallum-layton.co.uk). Threshold for statistical significance was set at p ≤ 0.05.
Results
The current study includes 16 patients from Johns Hopkins Hospital, UCSF, USC, and MD Anderson Cancer Center treated between 2000 and 2008. Data are presented in tabular (Tables 1 and 2 ) and graphic (Figs. 1-4) formats. The following is an analysis of these data.
Patient Demographic Data
There were a total of 7 male and 9 female patients. Their mean age (± SD) at the time of diagnosis was 55 ± 14 years. Substratification of age according to tumor location revealed no significant difference among the age in which these tumors localize to cervical segment subdivisions (C1-2: 57 ± 15 years; SA: 53 ± 14 years; p = 0.28).
Surgical Approach
The surgical approach to achieve en bloc excision was classified as solely anterior, posterior, or combined (anterior and posterior). The most common overall approach was combined (81%), with only 6% and 13% of the approaches being anterior or posterior, respectively. When surgical approach was stratified according to tumor location, resection via a combined approach was statistically more common for subaxial tumors than C1-2 tumors (C1-2: 57%; SA: 100%; p = 0.04). No statistically significant difference in the usage of the anterior (C1-2: 14.3%; SA: 0%; p = 0.17) or posterior (C1-2: 29%; SA: 0%; p = 0.09) approaches was found (Table 2 and Fig. 1 ).
Tumor Margins
Tumor margins were reported as wide, marginal, or violated. The most commonly reported margins were marginal (M: 56%), followed by violated (V: 25%), and wide (W: 19%). Patients were significantly more likely to undergo marginal rather than wide margin (M: 56%; W: 19%; p = 0.01) or violated margin (M: 56%; V: 25%; p = 0.04) tumor excision. Patients were equally likely to have wide or violated margins (W: 19%; V: 25%; p = 0.34). When stratifying data according to tumor location it was found that the most commonly reported margins for C1-2 tumors were violated margins (43%), whereas the most commonly reported margins for subaxial tumors were marginal (78%)-with only 11% of the subaxial located tumor margins being reported as violated. No statistically significant difference was found when comparing the incidence of violated margins based on tumor location. However, it was found that en bloc excision of subaxial tumors was statistically more likely to result in marginal margins than C1-2 tumors (C1-2: 29%, SA: 78%; p = 0.03). The likelihood of wide excision was not affected by tumor location (Table 2 and Fig. 2 ).
Complication Rate
Complications were classified as perioperative or postoperative ( Table 2 ). The types of complications are listed in Table 1 . The rate of postoperative complications was significantly higher than that of perioperative complications for all patients (44% vs 6%, p = 0.01). When data were stratified according to tumor location it was noted that C1-2 tumors were associated with significantly higher rates of postoperative complications (C1-2: 71%; SA: 22%; p = 0.03) ( Table 1 and Fig. 3 ). Complications in patients with C1-2 tumors included severe dysphagia (n = 2), pharyngeal erosion or dehiscence (n = 2), and instrumentation failure (n = 1). Among patients with subaxial disease, one patient experienced hoarseness and another experienced instrumentation failure. Two patients in the SA group experienced milder complications, specifically hoarseness, pneumonia, upper-extremity weakness, and hardware failure (Table 1) .
Tumor Recurrence
There were only 3 cases (19%) of local tumor recurrence and only 1 case (6%) of distant recurrence over the mean follow-up period (57 ± 24 months). The difference in incidence of local and distant tumor recurrence was not statistically significant. Although the incidence of local tumor recurrence was more than twice as a high for C1-2 localized tumors (29%) than for subaxial tumors (11%), this difference was not amenable to statistical analysis per paucity of cases. Similarly, the incidence of distant recurrence was higher for C1-2 localized tumors (C1-2: 14%; SA: 0%;), but this difference was also not amenable to statistical analysis per paucity of cases (Table 2 and Fig. 4) .
Adjuvant Radiotherapy
Patient exposure to postoperative intensity-modulated radiotherapy (IMRT) and proton beam radiotherapy (PBRT) was reviewed. There was no significant differ- ence in exposure to postoperative radiotherapy between groups. Among patients with C1-2 disease (n = 7), 3 patients (43%, 95% CI 6%-80%) received PBRT, and 1 patient (14%, 95% CI 0%-40%) received IMRT. Among patients with subaxial disease (n = 9), 3 patients (33%, 95% CI 2%-64%) received PBRT, and 2 patients (22%, 95% CI 0%-49%) received IMRT. When stratifying by exposure to PBRT/IMRT or no radiation irrespective of disease level, there was no difference in median survival between groups on Mantel-Cox testing (p = 0.8). Median survival for the PBRT/IMRT group was undefined (less than 50% of patients died) versus 72 months in the no-radiation group (Fig. 5) .
Survival Status
Representative pre-and postoperative images are provided in Fig. 6 . The mean follow-up time was 57 ± 24 months. The median survival for patients with C1-2 disease was 72 months versus 60 months for patients with subaxial disease. Overall survival was no different between patients with C1-2 versus subaxial tumor location on Mantel-Cox testing (p = 0.65) (Fig. 7) . No significant differences were found when stratifying the mean follow-up time and survival rate based on tumor location (Table 2) . Of note, 4 patients were deceased at last follow-up; 2 of these patients had C1-2 involvement, and 2 had subaxial spine tumors. All patients that were deceased at last follow-up had undergone resection with marginal margins (Table 1) . 
Discussion
Chordomas are the most common primary malignant tumors of the osseous spine and constitute 1%-4% of all malignant bone tumors. 4, 10, 23, 25, 35 Their location along the spinal canal is in direct relation to the location of notochordal remnants-which is greatest at the most proximal and distal segments of the bony spine (the cervical and sacral spine). 2 It has been shown that en bloc resection of chordoma with wide or marginal margins results in a significantly higher rate of control than intralesional resection. 4, 7, 13, 23 However, achieving favorable oncological margins of cervical chordomas is exceedingly challenging due to a number of anatomical factors including 1) the proximity of the vertebral arteries, 2) the difficulty of cutting the cervical pedicles, and 3) the necessity of preserving the cervical nerve roots.
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The cervical spine, however, is not a single entity, and additional challenges arise based on tumor location within the cervical spine. Hence, high cervical atlantoaxial (C1-2) tumors present challenges that are different from those presented by subaxial (C3-7) tumors. For example, atlantoaxial chordomas frequently involve both the cervical roots and vertebral arteries. Although the C1-4 roots can generally be sacrificed without ensuing neurological deficit, vertebral artery sacrifice can result in significant neurological deficits, particularly if the dominant vertebral artery is sacrificed in the setting of insufficient collateral flow. Tumors that do not involve the vertebral arteries bilaterally are more amenable to en bloc resection, as are lesions that do not circumferentially involve the vertebral body. In addition, the high cervical spine itself is more difficult to access than the subaxial spine and often requires complex surgical techniques, such as transor submandibular approaches with posterior pharyngeal incision and tracheostomy.
Despite the perceived higher level of difficulty of removing high cervical chordomas, no studies to date have investigated whether the additional complexity translates to differences in clinical outcomes. In this study, we retrospectively analyzed outcomes from a multi-institutional patient database according to tumor location. To our knowledge, this is the largest series reporting outcomes for patients afflicted with cervical chordoma. A total of 16 cases were identified with the following surgical and outcome data collected and analyzed: 1) surgical approach, 2) tumor margins, 3) complication rate, 4) tumor recurrence, 5) exposure to adjuvant therapy, and 6) survival.
The most common surgical approach was combined anterior and posterior, with 81% of all cases, 100% of subaxial cases, and 54% of C1-2 cases utilizing the combined approach. Interestingly, as noted above, all of the subaxial cases were treated with the combined approach, and while the majority of C1-2 cases also were treated the combined approach (57%), in some of the C1-2 cases the single-stage anterior (14.3%) and posterior (29%) approaches were employed. This is consistent with similar cases reported in the literature, with 5 of 6 case reports addressing en bloc cervical chordoma resection reporting a combined anterior-posterior surgical approach. 1, 13, 18, 27, 29, 32 Resection with tumor-free margins has already been validated for effectiveness in both local control and longterm prognosis for chordomas arising from the thoracic, lumbar, or sacral spine. 3, 4, 9, 19, 23, 27, 33 Hence, the ideal aim of en bloc cervical chordoma resecion is to achieve tumorfree margins, with wide margins being the goal for the pathology report and marginal margins being a nonideal but acceptable outcome. We found that, although marginal margins (attained in 56% of cases) were reported overall significantly more frequently than both wide (19%) and violated (25%) margins, this relationship was not conserved when the cases were stratified according to tumor location. Specifically, the most commonly reported margin classification for subaxial tumors was marginal, whereas the most commonly reported margin classification for C1-2 tumors was violated (SA: 78% vs C1-2: 29%; p = 0.03). Although the difference in reported violated margins between C1-2 (43%) and subaxial (11%) tumors was not statistically significant, this difference is nonetheless clinically relevant and will most likely prove to be statistically significant as larger studies become possible. The ample difference in ability to achieve favorable margins based on tumor location is representative of the anatomical complexity of the upper cervical spine and confirms that it is a significant obstacle in performing en bloc tumor resections.
Of note, the 4 patients in this sample who were deceased at last follow-up underwent resection with marginal margins. Two of these patients experienced a postoperative hardware failure and one reported pharyngeal dehiscence. One patient who was deceased at last followup did not have any reported postoperative complications. It is possible that a complicated postoperative course may have contributed to the higher death rate in this subset of patients, but due to the relatively small sample size and heterogeneity of the sample (2 patients were in the SA group and 2 patients were in the C1-2 group), interpretation of these data is limited. Complication rates provide a direct marker of procedure complexity. 20 Postoperative complication rates were found to be statistically greater for C1-2 tumors versus subaxial tumors (C1-2: 71% vs SA: 22%, p = 0.03). Furthermore, complications in the C1-2 group were severe, with 2 patients experiencing pharyngeal erosion or dehiscence. There is no evidence that this difference is rooted in a biological difference of C1-2 versus subaxial tumors, as all tumors in this series were chordomas. One explanation for the difference in complication rates is that the approach required to access the occipitocervical junction and the subsequent occipitocervical fixation likely contributes to postoperative morbidity. Biomechanically, occipitocervical fusion limits a patient's ability to flex the neck to facilitate all stages of swallowing, and this decreased range of motion may have contributed to the C1-2 tumor patients experiencing a higher rate of pharyngeal erosion and dysphagia. Notably, this increase in complications does not significantly impact survival; however, a larger case series is needed in order to discern whether a true difference exists. Consistent with the case series published by Hsieh et al., 21 our rate of perioperative complications was low (6%). Similar to low perioperative complication rates, the incidence of local (3 cases) and distant (1 case) tumor recurrence was not large enough to permit statistical analysis. However, as would be expected by the higher incidence of violated margins in the C1-2 group, the incidence of local tumor recurrence was greater in the C1-2 cohort (C1-2: 29% vs SA: 11%). Importantly, tumor recurrence patterns were similar to those found a meta-analysis conducted by Cloyd et al., who reviewed literature encompassing a total of 18 cervical cases and found 3 cases of local and 1 case of distant recurrence. 11 Of note, the use of PBRT and IMRT did not differ between groups. As chordoma is not classically a chemosensitive lesion, chemotherapy analyses were not included in this study.
Despite a higher rate of violated margins, postoperative complications, and tumor recurrence for the C1-2 tumor cohort, the study was insufficiently powered to detect any potential differences in survival rate based on tumor location. Specifically, the survival metrics collected included mean follow-up time, survival rate, and mean survival time. Although there were no statistically significant differences in follow-up time (C1-2: 67 ± 23 months vs SA: 48 ± 22 months, p = 0.07) or survival (C1-2: 72 months vs SA: 60 months), there were only 2 deaths in each group, limiting the utility of this survival analysis. Larger studies are needed to determine if statistically significant differences in survival exist.
Given the higher complication rates with C1-2 en bloc resection and the high rates of contaminated margins, one should carefully consider possible intralesional resection of lesions in this anatomical location if less destructive approaches, such as image-guided transcervical, endoscopic transoral, or all-posterior transpedicular approaches, can be employed. Combined hybrid surgical/ radiosurgical techniques and hadron or particle therapy (such as carbon ion therapy) may yield improved treatment success for these difficult lesions as is the case for clival chordomas. For subaxial lesions, however, where en bloc marginal excision is associated with higher success rates and lower complication rates, we favor attempted en bloc resection at specialty centers.
Conclusions
When possible, chordomas are ideally managed via en bloc resection. However, the feasibility of achieving en bloc resection is in large part affected by lesion location, as demonstrated by the lower rate of favorable margins for atlantoaxial tumors in this study. Tumors of the C1-2 vertebral bodies are associated with the perceived higher operative difficulty presented by the complex anatomy of the upper cervical spine, which translates to poorer outcomes such as less favorable margins, higher rates of complications, and increased tumor recurrence. Given the higher rate of unfavorable outcomes for en bloc resection of atlantoaxial chordomas, we advocate intralesional resection of such lesions when less destructive approaches (endoscopic transoral resections) can be employed. For subaxial chordomas, we favor en bloc resection at specialty centers.
